Abstract The present investigation has dealt with the biosorption of copper and zinc ions on the surface of eggshell particles in the liquid phase. Various rate models were evaluated to elucidate the kinetics of copper and zinc biosorptions, and the results indicated that the pseudosecond-order model was more appropriate than the pseudofirst-order model. The curve of the initial sorption rate versus the initial concentration of copper and zinc ions also complemented the results of the pseudo-second-order model. Models used for the mechanistic modeling were the intra-particle model of pore diffusion and Bangham's model of film diffusion. The results of the mechanistic modeling together with the values of pore and film diffusivities indicated that the preferential mode of the biosorption of copper and zinc ions on the surface of eggshell particles in the liquid phase was film diffusion. The results of the intra-particle model showed that the biosorption of the copper and zinc ions was not dominated by the pore diffusion, which was due to macro-pores with open-void spaces present on the surface of egg-shell particles. The thermodynamic modeling reproduced the fact that the sorption of copper and zinc was spontaneous, exothermic with the increased order of the randomness at the solid-liquid interface.
Introduction
The surge in the environmental pollution due to heavy metals in the liquid phase has made a significant impact on the health of humans. Most of the heavy metals are toxic, non biodegradable and accumulate in the food chain. In the list of toxic heavy metals, copper (Cu) and zinc (Zn) have scored a significant interest due to their high toxicity profile towards humans (Khadivinia et al. 2014; Subudhi et al. 2014; Mishra and Tadepalli 2014) . Various technologies, such as cementation, hydroxide precipitation, osmosis, reverse osmosis, electro-coagulation, and flocculation and adsorption. Most of these technologies are toxic and expensive at the mass scale. However, the biosorption of heavy metal ions in the liquid phase is quite interesting phenomena due to its eco-friendly nature and is an inexpensive solution for the removal of heavy metal ions. Various biosorbents, such as tree leaves and bark, bone char, fruit waste, saw dust etc., have been widely used in various research works to adsorb the heavy metal ions in the aqueous phase (Febrianto et al. 2009 ). Yet, the possibility of exploring the potential of biosorption in many other alternatives remains valid. Understanding and realizing the biosorption in terms of inexpensive solution for the removal of metal ions involves the estimation of design parameters of batch or continuous column reactor. Furthermore, the study focused on the evaluation of the reaction rate, mechanism, and thermodynamics of biosorption is another the key factor in elucidating the basic mechanism and feasibility of biosorption in the liquid phase. The study of the above-mentioned physical parameters also helps to efficiently design the continuous reactors for wastewater treatment at mass scale (Kambahty et al. 2009 ). Therefore, in the search of exploring the biosorption potential of a new biosorbent and understanding the key mechanism of binding of the ligand on the surface of biosorbent, the present work aimed at estimating the biosorption potential of egg-shell powder (ESP) towards the simultaneous removal of copper and zinc from the liquid phase. The mechanism of biosorption of Cu and Zn over the surface of ESP was delineated through modeling of the experimental data in various kinetic and mechanistic models. In addition to this, the feasibility of the biosorption process was studied through the thermodynamic modeling.
Materials and methods

Collection and pretreatment of ESP
The shells of the hen egg were collected from the mess facility of University. All the egg shells were washed thrice with the distilled water and dried in the sunlight for 24 h. The dried shells were crushed in the ball mill until a uniform particle size of 0.5 mm was obtained. The egg-shell particles (ESP) were stored in air-tight polybags in dark at 4°C until use.
Chemical and reagents
Copper chloride (CuCl 2 . 5H 2 O) and zinc chloride (ZnCl 2 . 7H 2 O) (AR grade, Hi media make, Mumbai, India) were used to make the stock solution of desired strength (1 molar). The experimental solutions were made by diluting the stock solution up to the predetermined concentrations. The pH of the experimental solution was maintained by adding a suitable amount of 0.1 M NaOH and 0.1 HCl. The pH was monitored through the digital pH meter (Toshniwal make, Agra, India).
Experimentation
The ESP particles were suspended in the 200 ml solution of the metal ions (concentration range 0.2, 0.3, 0.4, and 0.5 M). The experimental setup was agitated at 180 rpm at 35°C. The pH of the solution, biomass dose, and contact time in all the experimental runs was kept fixed at 5, 2 mg/ L, and 50 min, respectively. Parameters, such as pH, temperature, biomass dose, contact time, and agitation rate, were optimized through batch experiments. The optimized values were adapted in the present work. The results of the optimization of these physical parameters have been shown by Mishra (2015) .
Mathematical approach
The evaluation of kinetic parameters is a very imperative concept to elucidate the mechanism of metal ion binding on the surface of biosorbent and to chalk out the rate controlling step. Therefore, this section presents the models used for kinetic, mechanistic, and thermodynamic modeling of the experimental data in batch studies dedicated towards the biosorption of Cu and Zn on the surface of ESP. All the experiments were repeated in thrice, and the average value of all the values was taken to plot the various models.
Kinetics of co-biosorption of Cu and Zn
The pseudo-second and pseudo-first-order reaction kinetics was applied in the present work to study the rate of the biosorption.
Pseudo-first-order reaction kinetics Considering the reversible binding of metal ions on the surface of biomass and the rate of reaction is directly proportional to vacant active sites, the following mechanism was envisioned:
where [X] 2? , A c , and [X -A c ] were the metal ions, activated sites, and complex of metal ions, respectively. In addition, the model also relies on the assumption that the reaction is limited by the diffusion mass transfer. Equation (2) presents the linear form of the pseudo-firstorder model (Pamukoglu and Kargi 2007) 
where K 1 (min -1 ) is the first-order constant. The curve between log (q e -q t ) and t yields the value of K 1 .
Pseudo-second-order model The model considers the irreversible and chemisorption of adsorbate on the surface of biomass. Equation (3) presents the non-linear form of the pseudo-second-order model (Dang et al. 2009 ):
Integrating Eq. 3 on boundary conditions: q t = 0 at t = 0 and q = q t at t = t results in Eq. 4:
where
) are the model constants and uptake capacities (mg g ) at time t, respectively. The curve between t q t and t yields the value of K 2 .
Mechanistic modeling
In the present work, the mechanistic modeling was performed to study the rate controlling step of the biosorption process. Models used in the mechanistic modeling were the intra-particle and Bangham's model. Equations (5) and (6) show the intra-particle and Bangham's model, respectively (Vaghetti et al. 2008) :
where K id is the intra-particle model constant and the curve between q e and i 0.5 yields the value of the model constant. In addition, the value of C intercept indicates towards multi-linear curves (Srinivasan and Hema 2009) :
where q m , K 0, and a ([1) are maximum uptake capacity (mg/g) and model constants.
Validation of diffusivity coefficients
To complement the section of mechanistic modeling, the film and pore diffusivities of ESP surface for Cu and Zn were evaluated through Eqs. 7 and 8, respectively (Argun et al. 2008) :
where D f , D p , R p , e, and t 1/2 are the film-diffusion coefficient, pore diffusion coefficient, radii of ESP (0.05 cm), thickness of film (10 -3 cm), and half life of the reaction (in minutes), respectively.
Thermodynamic modeling
The study of the thermodynamic modeling was carried out in the present work to elucidate the feasibility of the biosorption reaction. The values of Gibbs's free energy (DG, kJ/mole), entropy (DS, kJ/mol), and enthalpy (DH, kJ/mol) of the biosorption system were calculated using Eqs. 9, 10, and 11:
where Kc, R, and T are dimension less equilibrium constant, universal gas constant (8.314 Jmol -1 K -1 ), and absolute temperature (degree Kelvin), respectively.
Statistical analysis
The suitability of the data modeling was analyzed through the statistical error functions, such as sum of square errors (SSE) and Chi square (v 2 À Á for the pseudo-first order were not in close range with each other.
The profound insight towards the suitability of the pseudo-second order was developed through the logarithmic plot extrapolated between the initial rate constant (h, mg -1 g -1 min -1 ) and the initial concentration (mg/L) of metal ions:
It became evident from Fig. 3 and Eqs. 14 and 15 that the value of h increased linearly with the increase in the concentration of metal ions in the liquid phase. Basha et al. (2009) and Mishra et al. (2012) also reported the similar kind results during the biosorption of mercury and zinc ions on the surface of Carica papaya and activated carbon derived from biomass. Nevertheless, Kumar et al. (2005) and Ho and McKay (1988) reported drop off in trend line of h with the increase in the initial concentration of dye onto the surface of fly ash and peat. The disparity in the results was due to the involvement of different sorts of biosorbents in various research works. The result of the present work was consistent with the results of Mishra et al. (2012) and Nemr (2009) . 
Results of mechanistic modeling
The results of mechanistic models, namely, intra-particle model and Bangham's equation, have been shown in Figs. 4, 5, and Table 2 . The curve of the intra-particle diffusion model (Fig. 4) indicated the presence of multilinear features, which confirmed the minor role of intraparticle diffusion of Cu and Zn from the surface of ESP to the inner walls of pores and the major role of film-mediated diffusion. The regression coefficient (R 2 ) reported for the intra-particle diffusion was too small and ranged between from 0.02 to 0.90. Therefore, in the present work, it was concluded that the intra-particle model was not able to efficiently describe sorption of Cu and Zn on the surface of ESP. In the next step, Bangham's model was tested and the results have been shown in Fig. 5 and Table 3 . The results tabulated in Table 3 showed that the biosoprtion of Cu and Zn ions in the liquid phase was mainly dominated by film diffusion rather than intra-particle diffusion. Gupta and Rastogi (2009) and Mishra et al. (2012) have also reported the similar kind of observations during the biosorption of Cr (VI) and Zn (II) ion on the surface of acid-treated algae and activated carbon, respectively. The failure of the intraparticle model to explain the biosorption of Cu and Zn was due to the fact that the surface of egg shells was dominated by macro-pores and open-void spaces (Tsai et al. 2006) , which resulted in a very slow movement of metal ions to the inner walls pores available on the surface of ESP during the course of biosorption.
Results of thermodynamic modeling
Equation 10 was used to extrapolate the plot between ln K c and 1/T. The slope and intercept of the plot reproduced the values of DS and DH. The details of thermodynamic modeling have been shown in Fig. 6 and Table 4 .
It became evident from Fig. 6 and Table 4 that the values of DG and DH are negative at all the ranges of temperature (298-308 K), which showed that the biosorption of Cu and Zn on the surface of ESP was spontaneous and exothermic in nature. However, the values of DS were positive at all the temperatures. The positive values of DS indicated the increased degree of randomness at the solidliquid interface. Mishra et al. (2012) , Argun et al. (2008) and Bligili (2006) have reported the endothermic, spontaneous, and reduced degree of randomness at the solidliquid interface during the biosorption of adsorbate on the surface biosorbent. Furthermore, if the value of DG is more negative than-40 kJ, it indicates the involvement of physicochemical forces in the binding of adsorbent particles on the surface of biosorbent (Arshad et al. 2008) . In the present work, the reported value of DG was in the range of -5537.26 to -3553.02 kJ mol -1 . Therefore, in the present work, it was concluded that the preferential mode of biosorption of Cu and Zn was chemisorptions rather than the electrostatic forces of attraction.
Biosorption schematics
The detailed schematics of biosorption have been shown in Fig. 7 .
Conclusion
The present investigation aimed at exploring the biosorption potential of ESP in terms of simultaneous removal of Cu and Zn from the liquid phase. The results of rate kinetics showed that the pseudo-second-order model reported relative higher values of R 2 ranging from 0.67 to 0.98 compared to the pseudo-first-order model. The outcome of mechanistic modeling revealed the fact that Bangham's equation has higher order of R 2 ranging from 0.77 to 0.91 relative to R 2 values of the intra-particle model ranging from 0.55 to 0.74. The value of D f was in the range from 10 -6 to 10 -8 cm 2 s -1 , which indicated that the biosorption of Cu and Zn on the surface of ESP was dominated by film diffusion. The values of DG and DH were observed negative, which indicated that the biosorption of Cu and Zn on the surface of ESP was spontaneous and exothermic. The value of DG was more negative than-40 kJ mole -1 , which indicated that the biosorption For pore diffusion to the inner side of pore walls 
